Background. Sterols such as cholesterol, are important components of cellular membranes. But unlike mammalian cells, the main sterols found in the membranes of trypanosomes and fungi are ergosterol, and other -methyl sterols, which are required for growth and viability. In spite of this strict requirement, this group of organisms have evolved di erent strategies to produce and/or obtain sterols. Trypanosoma cruzi is the causative agent of Chagas Disease. In this parasite, one of the few validated targets for chemotherapeutic intervention is the sterol biosynthesis pathway. In this work we present a study of the genetic diversity observed in genes of the isoprenoid and sterol biosynthesis pathways in T. cruzi, and a comparative analysis of the diversity found in other trypanosomatids.
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Filling pathway holes: genes involved in sterol biosynthesis in T. cruzi 49
To analyze the genetic diversity of the T. cruzi sterol biosynthesis pathway (SBP) we decided to 50 sequence all enzymes of the pathway, starting from enzymes that produce the terpenoid back-51 bone precursors, and going down to the last enzyme that produces ergosterol as a product.
52 erefore, as a rst step we looked for T. cruzi genes that were mapped to the corresponding 53 KEGG metabolic pathway maps (Kanehisa, Goto, Sato et al., ). SBP genes in KEGG are 54 classi ed in two maps: the steroid biosynthesis pathway map (TCR , http://www.genome.
55
jp/kegg/pathway/tcr/tcr00100.html, and the terpenoid backbone biosynthesis pathway map
56
(TCR , http://www.genome.jp/kegg/pathway/tcr/tcr00900.html). ese maps contain in-57 formation derived from the T. cruzi CL-Brener reference genome. From this analysis we were 58 able to identify genes mapped to these pathways. However, we also detected a number of holes 59 in the pathway: enzymatic reactions with no enzyme mapped, and cases in which the enzymes 60 available in KEGG were truncated (probably because of genome assembly problems). erefore,
61
before attempting to amplify and sequence the corresponding genes, we invested some e ort in
62
analyzing the existing sequence data to obtain a relevant complement of genes. 
70
To ll in other identi ed gaps, we used the Saccharomyces cerevisiae sterol biosynthetic path-
71
way as a reference model. e yeast SBP has been studied extensively, and is essentially com-72 plete in pathway databases. Using the yeast genes mapped to this pathway, we looked for or-73 thologs in T. cruzi by doing sequence similarity searches (BLAST) against the complete T. cruzi 74 genome or using databases of orthologs compiled from complete genome data, such as the Or-75 thoMCL database (Chen, Mackey, Stoeckert et al., ) . As a result of this strategy, we were 76 able to map ve additional genes (see Table ) , which are the orthologs of the S. cerevisiae genes:
77 ERG ( -hydroxy--methylglutaryl-CoA (HMG-CoA) synthase), ERG (lanosterol synthase),
78
ERG (C-sterol dehydrogenase), ERG , (C-sterol desaturase), and ERG (C-sterol de-79 saturase). ese genes were present in the T. cruzi genome, but were not mapped to the corre- ; Desmond & Gribaldo, ).
104
However, a number of putative homologs of ERG in T. cruzi were readily identi ed in 105 sequence similarity searches. In this case, it was di cult to discern which of these were the true 106 orthologs of the yeast ERG gene. 
F
: Phylogenetic tree of selected ERG /ERG orthologs. Seleced orthologs from kinetoplastids, plants, vertebrates, invertebrates and fungi were aligned with t_co ee. A phylogenetic reconstruction was calculated using PhyML (LG model, bootstrap resampling with N= ). For clarity, highly similar genes/alleles were not included in the nal tree. Organism abbreviations are: lbra = L. braziliensis; lmex = L. mexicana; linf = L. infantum; lmaj = L. major; tcru = T. cruzi; tviv = T. vivax; tcon = T. congolense; tbru = T. brucei; agam = Anopheles gambiae; aaeg = Aedes aegypti; cpip = Culex pipiens; hsap = Homo sapiens; calb = Candida albicans; scer = S. cerevisiae; spom = Schizosaccharomyces pombe; atha = A. thaliana; drer = Danio rerio; trub = Takifugu rubripes; tnig = Tetraodon nigroviridis.
Leishmanias). e presence of Leishmanial and Trypanosomal proteins grouped in the middle 140 branch of the tree suggests that these group of homologs have a di erent ancestral origin (see 141 Discussion). Because these genes have signi cant sequence similarity to ERG we decided to 142 call them Sterol Methyl Oxidase-like (SMO-like) in this work.
143
e Table summarizes the results of our e orts to close pathway gaps. Once the T. cruzi 144 SBP genes were identi ed, we proceeded to study the genetic diversity by re-sequencing these 145 genes in a panel of T. cruzi strains.
146
Genetic diversity in the sterol biosynthesis pathway
147
To obtain sequence information from the selected genes we decided to use a methodology based 148 on PCR ampli cation followed by direct sequencing. erefore, it was important to reduce the 149 possibility of ampli cation problems generated by polymorphisms that could prevent the an-150 nealing of the primers. A number of aspects were considered to reduce these risks i) we decided . products had to be analyzed (the number of ampli cation products per gene is listed in Table ) .
NO
159
All ampli cation products were analyzed with a so ware package (PolyPhred, see Meth- have the highest non-synonymous SNP density (between . and . non synonymous SNPs 184 every bp). e average NS/S ratio in our dataset was . , and in no case was this ratio higher 185 than , indicating the relatively high degree of conservation of T. cruzi SBP genes.
186
Lineage-specific and intra-lineage differences.
187
All the collected data on sequence diversity was also analyzed in the context of the current sep- 
Comparative analysis of the quantity, density and type of SNPs identi ed in the sterol biosynthesis pathway of Trypanosoma cruzi. SNP counts marked with * indicate totals that do not result from the sum of synonymous + non-synonymous substitutions, in all cases because of the presence of two substitutions in the same codon. 
209
Potentially important non-synonymous changes.
210
In many cases, variations in susceptibility or resistance to a drug are associated to mutations that 
T :
Comparative analysis of the genetic diversity present in the sterol biosynthesis pathway of di erent kinetoplastids. e table shows the density of synonymous or non-synonymous nucleotide changes (substitutions per bp) observed in the comparison of T. brucei (Tbr), Leishmania (Leish) and T. cruzi (Tcr) genes from di erent strains and/or species. e lowest (*) and highest ( †) gures in each column are marked. NA = sequence not available; DBZ = Division by Zero. In some cases (♮) sequences were not available for all strains. the T. cruzi SBP pathway appeared to be incomplete in metabolic pathway databases such as 326 KEGG when we started this work, and because the annotation of the SBP genes was also in-327 complete, we had to perform a small-scale bioinformatics analysis to ll in the gaps in available 328 sequence and annotation. is task was performed primarily based on the well studied S. cere-329 visiae ergosterol biosynthesis pathway. As a result of this strategy, the majority of the genes of the 330 pathway have now been identi ed, with the exception of the orthologs of the yeast gene ERG .
331
is gene encodes a -keto sterol reductase. As mentioned, the gene(s) responsible for this ac- 
Gribaldo,
). It is therefore highly likely that the trypanosomatid -keto sterol reductase is 334 phylogenetically closer to the plant enzymes, and that once this ellusive gene is identi ed it will 335 be readily identi ed in trypanosomatids.
336
We selected genes from this pathway to build a genetic diversity pro le from representa-337 tive strains of the six major evolutionary lineages of T. cruzi. For this analysis we used at least 338 strains for each evolutionary lineage (DTU) therefore e ectively sampling a large genetic space.
339
Although it is certainly likely that other SNPs or xed di erences can be discovered when se- Figure S . None of the non-synonymous 401 changes a ect these highly conserved motifs, and at least a third of these (depending on the 402 membrane topology prediction) are predicted to be exposed (not embedded in the membrane).
403
is is important because, as reviewed in Sperling, Ternes, Zank et al., the evolution of new re-404 gioselectivities in these enzymes would not involve the active site, but adjacent sequences. How-405 ever, the failure to predict a reasonable topology (see Fig S ) points to the need to do an in-depth 406 study of the membrane topology of the protein (similar to that performed by Diaz, Mansilla, Vila
).
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Conclusion
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Methods
410
T. cruzi stocks and strains. 
415
Oligonucleotides and gene identifiers.
416
For each selected gene, a number of primers were designed for PCR-ampli cation. Taking into 417 account that in the direct sequencing of PCR products the chromatogram quality is optimal 418 in the range from to bp, a desirable length of the ampli cation products was set around 419 bp. is length would also maximize our ability to sequence both strands of the ampli cation 420 product, with good quality. Depending on the size of each selected gene, one or more overlap-421 ping ampli cation products were obtained. e list of the designed primers for each gene and 422 the size of the corresponding ampli cation product is shown in Table S . In only one case we 423 had to design a separate primer (Tc-Mev-kinase -fw) to amplify a fragment in one lineage (TcI)
424
because there was a SNP at the ' end of the primer that was absent in the release of the TcSNP 425 database.
426
Amplification and sequencing.
427
Selected fragments were ampli ed by PCR using Taq polymerase (Invitrogen) in a Biometra seconds at a temperature set to °C less than the melting temperature of the selected primers, File. e le contains a summary of BLASTP searches against fungal and kinetoplastid protein databases. BLAST searches using the yeast ERG /ERG protein sequences as query, were run at the TriTrypDB BLAST server against a database of Kinetoplastid proteomes from reference and dra genomes. BLAST searches using a number of putative T. cruzi orthologs of these yeast genes were run at the SGD Fungal BLAST Server, against a database containing a selection of fungal genomes. Each BLASTP search is shown in a separate tab in the Excel workbook. File: Table- Figure. Distribution of observed SNPs in the TcSMO-like genes of T. cruzi. Based on the prediction of trans-membrane spanning domains (see TMHMM probability plot at the bottom), we created two alternative representations, following Sperling, Ternes, Zank et al.. e distribution of synonymous and nonsynonymous SNPs is shown according to these models. e representations di er in the presence/absence of the second (non-predicted) trans-membrane domain. In these two representations the location of the rd histidine box always lies on the opposite side of the membrane. Both topologies may be wrong and an in-depth study ((similar to the one performed by Diaz, Mansilla, Vila et al.,
) may be required to establish the correct topology of these proteins. File: Figure- S .pdf
